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ABSTRACT
It is typically assumed that radiation pressure driven winds are accelerated to an asymptotic
velocity of v∞ ≃ vesc, where vesc is the escape velocity from the central source. We note that
this is not the case for dusty shells and clouds. Instead, if the shell or cloud is initially optically-
thick to the UV emission from the source of luminosity L, then there is a significant boost in
v∞ that reflects the integral of the momentum absorbed as it is accelerated. For shells reaching
a generalized Eddington limit, we show that v∞ ≃ (4RUVL/Mshc)1/2, in both point-mass
and isothermal-sphere potentials, where RUV is the radius where the shell becomes optically-
thin to UV photons, and Msh is the mass of the shell. The asymptotic velocity significantly
exceeds vesc for typical parameters, and can explain the ∼ 1000 − 2000km s−1 outflows
observed from rapidly star-forming galaxies and active galactic nuclei if the surrounding halo
has low gas density. Similarly fast outflows from massive stars can be accelerated on∼ few−
103 yr timescales. These results carry over to clouds that subtend only a small fraction of the
solid angle from the source of radiation and that expand as a consequence of their internal
sound speed. We further consider the dynamics of shells that sweep up a dense circumstellar
or circumgalactic medium. We calculate the “momentum ratio” M˙v/(L/c) in the shell limit
and show that it can only significantly exceed ∼ 2 if the effective optical depth of the shell
to re-radiated FIR photons is much larger than unity. We discuss simple prescriptions for
the properties of galactic outflows for use in large-scale cosmological simulations. We also
briefly discuss applications to the dusty ejection episodes of massive stars, the disruption of
giant molecular clouds, and AGN.
Key words: galaxies: formation, evolution, starburst — galaxies: star clusters: general
1 INTRODUCTION
In the galactic context, radiation pressure on dust grains has been
discussed as a mechanism for launching galactic-scale winds
in starbursts and rapidly star-forming galaxies (Harwit 1962;
Chiao & Wickramasinghe 1972; Ferrara et al. 1990; Murray et al.
2005, 2011; Hopkins et al. 2012; Krumholz & Thompson 2013;
Davis et al. 2014), in disrupting the dusty gas in individual star
clusters (Harwit 1962; O’dell et al. 1967; Scoville et al. 2001;
Krumholz & Matzner 2009; Murray et al. 2010), in launching
fast outflows from AGN (Scoville & Norman 1995; Roth et al.
2012), in setting the M − σ relation (Fabian 1999; Murray et al.
2005), and in supporting starbursts and AGN disks against their
own self-gravity (Ferrara 1993; Scoville 2003; Thompson et al.
2005; Andrews & Thompson 2011; Krumholz & Thompson
2012). Radiation pressure and momentum injection by super-
novae and stellar winds plays an important role in models
of feedback in star-forming galaxies (Thompson et al. 2005;
Hopkins et al. 2011; Ostriker & Shetty 2011; Hopkins et al. 2012;
Faucher-Gigue`re et al. 2013).
In the stellar context, dusty shells are produced during the
eruptions of supernova impostors and luminous blue variables, in-
cluding η-Carinae (Davidson & Humphreys 1997; Smith & Gehrz
1998; Smith et al. 2003; Smith 2005, 2013), ultra-bright super-
novae such as SN 2006gy (Miller et al. 2010), and SN 2008S-like
transients (Kochanek 2011b; Kochanek et al. 2012; Prieto et al.
2008; Thompson et al. 2009; Prieto et al. 2009; Bond et al. 2009).
Dusty shell formation and dynamics are also important to the
phenomenology of R Coronae Borealis stars (e.g., Gillett et al.
1986), and continuous dusty winds are also produced generi-
cally by AGB stars (Ivezic & Elitzur 1995, 1997) and OH-IR stars
and cool hypergiants like IRC+10420 (e.g., Ridgway et al. 1986;
Humphreys et al. 1997) .
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The dynamics of radiation pressure-driven shells and clouds
has been treated by a number of authors. Here, we provide a brief
discussion that makes clearer the asymptotic velocity and momen-
tum of an initially optically-thick shell or cloud and connect with
observations in several contexts, but with a focus on rapidly star-
forming galaxies. In particular, we critically examine the assump-
tion that the asymptotic velocity of a radiation pressure driven shell
or cloud is of order the escape velocity from the central body. This
expectation follows from consideration of the momentum equation
for a continuous time-steady radiation pressure driven flow with
constant opacity from a point mass M and luminosity L (e.g., eq. 9
of Salpeter 1974):
v
dv
dr
= −
GM
r2
+
κL
4pir2c
=⇒ v2∞ = v
2
esc(R0) (Γ − 1) , (1)
where R0 is the initial radius, Γ = L/LEdd = L/(4piGMc/κ),
and where the initial velocity of the medium has been neglected.
For line-driven winds from hot sources (e.g., main sequence O
stars, Wolf-Rayet stars, the central sources of planetary nebulae,
AGN) the opacity is dominated by a forest of Doppler-shifted
metal lines, R0 is typically of order the radius of the illuminat-
ing object, and the effective opacity is usually a multiplicative fac-
tor times κT , yielding the observed correlation between vesc and
v∞ for some object classes (e.g., hot star winds; Abbott 1978).
For continuous winds from AGB stars, R0 corresponds to the
dust sublimation/formation radius (Rsub; here the flow becomes
super-Eddington) and κ is the flux-mean dust opacity as a func-
tion of radius (Ivezic & Elitzur 1995, 1997). For dusty flows that
are optically-thick to the emission from the central star, most of
the momentum is absorbed in a narrow layer near Rsub, wind
material at larger radii is shielded from the central source, and
v∞ ≃ vesc(Rsub)Γ(Rsub)
1/2
.
As we discuss in more detail below, the dynamics of a single
geometrically thin dusty shell or cloud is different because as it
expands it goes through an extended phase where it is optically-
thick to the assumed incoming UV photons from the source, but
optically-thin to the re-radiated IR emission from the grains. For a
shell that subtends 4pi in this so-called single scattering limit (see
eq. 19, below),
Mshv
dv
dr
= −
GMMsh
r2
+
L
c
=⇒ v2∞ ∼
RUVL
Mshc
, (2)
where Msh is the mass of the shell, RUV is the radius at which
the shell becomes optically-thin to the UV radiation, and we have
assumed RUV ≫ R0 and that L/c ≫ GMMsh/R20. The lack of
radial dependence to the radiation pressure driving term shifts the
momentum deposition to large scales, ∼ RUV, instead of R0 as in
equation (1). Because the shell sees the entire source luminosity L
during its entire evolution, it reaches high velocity.
Equations (1) and (2) are not as different as they first appear.
Both expressions can be written as
v∞ ∼ vescΓ
1/2 (3)
in the limit that L ≫ 4piGMc/κ and L ≫ GMMshc/R20, re-
spectively. But, whereas in the case of a continuous flow the right
hand side of equation (3) is evaluated at R0, yielding the result of
equation (1), in the case of a shell the right hand side is evaluated
at RUV, yielding equation (2). Another way to put the difference is
that equation (1) implies the gas is accelerated in its first dynamical
time at r ∼ R0, whereas equation (2) says that the “last” dynami-
cal time at RUV dominates the shell’s acceleration and asymptotic
velocity.
Equation (2) also applies in the case of an optically-thick
cloud that subtends a fraction of the solid angle from the source,
with the modification that L/c→ (L/c)(piR2c/4pir2), where Rc is
the cloud radius. In the special case Rc ∝ r, which in general does
not obtain, the dynamics of shells maps trivially to clouds because
the cloud solid angle is constant. However, even in the simplest
case of a cloud expanding into vacuum, a new timescale enters the
problem, the cloud expansion timescale texp ∼ (d lnRc/dt)−1 =
Rc/cs, where cs is the internal cloud sound speed and Rc is not a
power-law in radius. This makes the dynamics of clouds somewhat
more complicated than shells since the expansion rate of a cloud
and hence the time evolution of its column density is uncoupled
from its radial evolution away from the source. The latter is not
true for a shell where the radius of the shell is directly coupled to
its column density.
In the case of shells, an analogous point, but without the as-
sociated dust physics, is made in King (2003, 2005) for the case
of shells driven by an AGN wind and by Dijkstra & Loeb (2008,
2009) in the case of Lyα scattering. The case of dusty cloud dynam-
ics in radiation pressure driven galactic winds has been discussed
by Murray et al. (2005, 2011).
In this paper, we explore the acceleration of dusty shells and
clouds in more detail and apply it to several physical systems. A
shell geometry is motivated in some cases by observation of shells
in the massive star and GMC contexts, by detached blue-shifted ab-
sorption line profiles in the case of some rapidly star-forming galax-
ies and AGN, and by theoretical arguments and modeling (e.g.,
Yeh & Matzner 2012). The key point is that dusty shell-like and
cloudy outflows can attain significantly higher velocity then one
might guess from an incorrect application of equation (1) as a re-
sult of the long phase of acceleration in the single-scattering limit
(eq. 2). This issue is of particular importance in the extended grav-
itational potential wells of galaxies since the velocity attained near
the source is crucial in determining whether or not it will escape to
the scale of the virial radius, or, if it falls back, on what timescale.
We are particularly motivated by the recent discoveries of very fast
outflows from post-starburst galaxies by Tremonti et al. (2007) and
Diamond-Stanic et al. (2012) (see also Sell et al. 2014; Geach et al.
2014).
In Section 2 we first consider the dynamics of a shell surround-
ing a point mass, and then treat extended mass distributions, as is
more appropriate for the dynamics in a galactic gravitational po-
tential. In Section 3 we provide a discussion of our results, includ-
ing a discussion of fast outflows from galaxies and AGN, the total
asymptotic momentum of radiation pressure accelerated shells and
clouds, including the momentum ratio M˙v∞/(L/c) in the shell
limit, and we provide simple prescriptions for cosmological simu-
lations that captures the expulsion of gas from rapidly star-forming
galaxies. The extension to clouds is treated in Section 2.4. Our
treatment is not as extensive as for shells because the dynamics
of a given cloud in an outflow depends on many parameters includ-
ing the ensemble of clouds between a given cloud and the radiation
sources, the cloud’s internal sound speed and its evolution, the pres-
sure of the background medium, which determines a cloud’s expan-
sion/thermal history, and destruction processes such as the Kelvin-
Helmholz instability and evaporation. Nevertheless, we discuss the
dynamics of individual clouds in the context of our results for the
case of shells and show that our primary conclusion — that fast
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. Velocity as a function of radius (left panel) and time (right panel) for dusty shells with mass 10, 1, and 0.1 M⊙ ejected from a massive star with
M = 100M⊙ and L = 107 L⊙ (solid lines; eq. 6). The dotted line shows the evolution if only the τIR term is included in in equation (6). The dashed line
shows the dynamics of the 1 M⊙ shell with a constant density external medium of next = 5 cm−3 (see Section 2.3; eq. 35). The black, red, and blue circles
denote vesc, RIR, and RUV (eqs. 5, 6), respectively. All shells have R0 = Rsub, the dust sublimation radius, where dust first forms (see text).
outflows with v∞ significantly larger than vesc(R0) are generically
obtained — carries over.
2 DYNAMICS OF SHELLS DRIVEN BY RADIATION
PRESSURE
2.1 Point Mass
Assume a point source with UV luminosity L and total mass M ,
surrounded by a dusty gas shell of mass Msh an initial distance R0
from the central source. We define two characteristic radii:
RIR = (κIRMsh/4pi)
1/2 ≃ 0.3 kpcκ
1/2
IR,0.7M
1/2
g, 9 (4)
RIR = (κIRMsh/4pi)
1/2 ≃ 1.9× 103 AUκ
1/2
IR,0.7M
1/2
g, 0
is where the shell becomes optically-thin to the re-radiated IR, and
RUV = (κUV Msh/4pi)
1/2 ≃ 4 kpcκ
1/2
UV,3M
1/2
g, 9 (5)
RUV = (κUV Msh/4pi)
1/2 ≃ 4.6× 104 AUκ
1/2
UV,3M
1/2
g, 0
is where the shell becomes optically-thin to the UV radiation
from the source. In the above, Msh, x = Msh/10x M⊙, we
have scaled for both the galaxy and stellar contexts, κUV,3 =
κUV/10
3 fdg,MW cm
2 g−1 of gas, where fdg,MW is the dust-
to-gas ratio scaled to the Milky Way value. and κIR,0.7 =
κIR/10
0.7 fdg,MW cm
2 g−1 roughly approximates the Rosseland-
mean dust opacity over a range of temperatures from ∼ 100 −
1000K.
The general expression for momentum conservation for a thin
shell of mass Msh, approximately valid in the limits of both small
and large UV and IR optical depth is
d
dt
(Mshv) = −
GMMsh
r2
+
(
1 + τIR − e
−τUV
) L
c
, (6)
where
τIR,UV = κIR,UVMsh/(4pir
2) (7)
are the IR and UV optical depths of the shell and where we have
assumed that the dust and gas are dynamically coupled. Note the
three terms multiplying L/c in equation (6). The first term (“1”)
is due to the direct radiation field. It represents the radiation pres-
sure force exerted if each photon interacts just once with the dusty
medium, is converted into an IR photon, and then escapes the sys-
tem. The second term accounts for reprocessed radiation if the shell
is optically-thick to the re-radiated IR emission. The third term goes
to the appropriate limit when τUV ≪ 1 (τIR ≪ 1 also), canceling
the “1” and yielding the familiar optically-thin radiation pressure
force for a source dominated by UV emission (κUVL/4pir2c).
Setting the acceleration in equation (6) equal to zero, we ob-
tain the generalized Eddington limit for a shell starting at R0:
LEdd =
GMMshc
R20
(
1 + τIR − e
−τUV
)−1
, (8)
where M and Msh are understood to be the total mass interior to
R0 and the shell mass at R0, respectively. The Eddington ratio is
then
Γtot = L/LEdd. (9)
There are three characteristic Eddington ratios, depending on the
optical depth of the shell at R0. If the shell is optically-thick to the
IR (τIR(R0) > 1), then the relevant Eddington ratio is
ΓIR = L/(4piGMc/κIR). (10)
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If the shell is optically-thin to the IR, but optically-thick to the UV
(τIR < 1, τUV > 1) at R0, then the single-scattering Eddington
ratio (the “1” in eqs. 6 and 9)
ΓSS = L/(GMMshc/R
2
0), (11)
determines the dynamics. Finally, if the shell is optically-thin to the
incident UV radiation (τUV < 1 at R0), then the relevant Edding-
ton ratio is
ΓUV = L/(4piGMc/κUV). (12)
Before solving equation (6) for specific example systems, we con-
sider several simple analytic limits.
We first assume that the mass of the shell is constant as a func-
tion of radius (i.e., the shell expands into vacuum). Then, dropping
the e−τUV term in equation (6) in the regime R0 6 r 6 RUV
(τUV > 1) and solving for the velocity at vUV = v(RUV), one
finds that
v2UV = v
2
0 +
2GM
R0
(
ΓSS
RUV
R0
+ ΓIR − 1
)(
1−
R0
RUV
)
,
(13)
where v0 = v(R0). Once the shell reaches RUV it becomes
optically-thin to the incident UV photons, and the momentum equa-
tion for the shell in the regime RUV 6 r 6∞ is just
v
dv
dr
= −
GM
r2
+
κUVL
4pir2c
. (14)
Solving, and substituting from equation (13) one finds that
v2∞ = v
2
0 +
2GM
R0
[
ΓSS
RUV
R0
+ ΓIR − 1
](
1−
R0
RUV
)
+
GM
RUV
(ΓUV − 1) (15)
which can be rewritten as
v2∞ = v
2
0 +
2GM
R0
[
2ΓSS
RUV
R0
(
1−
R0
2RUV
)
+ΓIR
(
1−
R0
RUV
)
− 1
]
(16)
These expressions are important. The ratio RUV/R0 can be much
larger than unity and thus, even if the initial Eddington ratio of
the flow is equal to unity Γtot ≃ 1 at R0, the shell can still be
accelerated to v∞ ≫ vesc if it starts with τUV > 1. Taking R0 ≪
RUV, note that the ratio of the first two terms in square brackets in
equation (16) is
(
2ΓSS
RUV
R0
)
1
ΓIR
=
2
τIR(R0)1/2
(
κUV
κIR
)1/2
, (17)
and thus the ΓSS term dominates unless τIR(R0) > 4κUV/κIR ∼
103. Thus, assuming ΓIR ≪ 2ΓSSRUV/R0 and then taking v0 ∼
0, R0 ≪ RUV in equation (16), one finds that
v∞ ≃ vesc
(
2ΓSS
RUV
R0
)1/2
= vescΓ
1/2
SS [4 τUV0 ]
1/4 , (18)
where vesc is understood to be the escape velocity from the launch
radius R0 in a point-mass potential, and τUV0 = τUV(R0) is the
UV optical depth at R0. This expression can be rewritten in terms
of the luminosity (Lx = L/10x L⊙) as1
v∞ ≃
(
4RUVL
Mshc
)1/2
≃
(
2L
c
)1/2(
κUV
piMsh
)1/4
≃ 320 km s−1 L
1/2
7 κ
1/4
UV, 3M
−1/4
sh, 0 ,
≃ 1800 km s−1 L
1/2
13 κ
1/4
UV, 3M
−1/4
sh, 9 . (19)
As discussed in Section 1, equation (16), and the simple re-
sults given in equations (18) and (19) for the asymptotic velocity of
a radiation pressure driven shell are qualitatively and quantitatively
different from the expectation that v∞ ≃ vesc(R0)(Γtot − 1)1/2
(eq. 1). In particular, from equation (18) one sees that v∞ can sig-
nificantly exceed vesc(R0), even for an Eddington ratio near unity
at R0: high Eddington ratios are not required for high velocities
with respect to the escape velocity. Instead, the initial value of the
UV optical depth through the shell determines its dynamical evo-
lution. The typical “boost” in the asymptotic velocity compared to
vesc(R0) is
Γ
1/2
SS [4 τUV0 ]
1/4 ≃ 9 Γ
1/2
SS R
−1/2
0, 0.1 kpc κ
1/4
3 M
1/4
g, 9
≃ 73 Γ
1/2
SS R
−1/2
0, 10AUκ
1/4
3 M
1/4
g, 0 (20)
Thus, in the context of galactic winds, even if ΓSS ∼ 1, one expects
the asymptotic velocity of the shell to exceed the escape velocity
from the launch region by nearly an order of magnitude (see Sec-
tions 2.2 and 2.3 for a discussion of extended galactic potentials).
In the stellar context, the boost may be larger. The physics of this
enhancement in the asymptotic velocity comes simply from the ra-
dial dependence of the single-scattering radiation pressure term; in
particular, aside from acting only until r ≃ RUV it has no radial
fall-off, whereas both the gravitational acceleration and the flux
drop with radius as r−2. The result that v2∞/RUV ∼ L/Mshc is
precisely what one would then get from dimensional analysis of
equation (6), which is equivalent to the result v∞ ∼ vescΓ1/2, but
evaluated at RUV (see discussion after eq. 2).
As an aside, note that the dynamical stability of a dusty shell
to radial perturbations is different depending on whether or not
the radiation pressure force is frad = κL/4pir2c or L/Mshc.
In the latter, single-scattering limit, shells are unstable to radial
perturbations since frad ∝ r0, whereas the gravitational force is
fgrav ∝ r
−2
. Thus, if an equilibrium is established with ΓSS = 1
small perturbations would drive the shell to smaller r causing col-
lapse, or larger r, causing dynamical escape with v∞ given by
equation (19), different from the behavior if frad ∝ r−2.
Figure 1 shows integrations of equation (6) for a massive star
outburst (left panel). Shells of 0.1, 1, and 10 M⊙ are accelerated
from the dust sublimation radius Rsub = (L/16piσsbT 4sub)1/2,
where Tsub ≃ 1500K to pc scales for an outburst from a mas-
sive star with M = 100M⊙ and luminosity 107 L⊙. The solid
lines show the full solution to equation (6), whereas the dotted line
shows the solution with only the τIR term. The dashed line, which
shows the change in dynamics when the 1 M⊙ shell interacts with
a constant density medium, is discussed in Section 2.3. The black,
red, and blue dots mark the radial location of vesc(Rsub), RIR and
RUV respectively. The initial IR optical depths of the shells are
1 Note that these expressions are only applicable when R0 ≪ RUV. As
the mass of the shell becomes small and τUV(R0) becomes less than unity,
v∞ = vesc(R0)(ΓUV(R0)− 1)
1/2 (see eq. 49).
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≃ 30, 300, and 3000, and ΓSS ≃ 1, 0.1, and 0.01, respectively (see
3.7). For all shells, ΓIR ≃ 40.
Based on the fact that the initial IR optical depth is larger than
unity at R0 = Rsub(≃ 100AU) and that ΓIR ≫ ΓSS, one might
have expected that v∞ ≃ vesc(Rsub) (ΓIR − 1)1/2 ≃ 250 km
s−1, as shown by the dotted line, which only includes the τIR
term in equation (6). Instead, the single-scattering term in equa-
tion (6) dominates the dynamics on large scales, accelerating the
shells to velocities much larger than vesc(Rsub) ≃ 40 km s−1 since
RUV/R0 ≫ 1.
If we were to instead drop the τIR term from our solution of
equation (6) for the shells in Figure 1, the initial rapid rise in ve-
locity to ≃ 250 km/s is missing for the 0.1 M⊙ shell, but its subse-
quent dynamics is similar to that shown because ΓSS is just larger
than unity at R0. For the other more massive shells, ΓSS is less than
unity at R0 and they fall back toward the central star, even though
on larger scales in the full solution shown in Figure 1 this term is
responsible for substantial acceleration. Finally, if we were to as-
sume incorrectly that the shells were optically-thin to the UV atR0,
so that the radiation pressure term on the right hand side of equa-
tion (6) was just τUVL/c, the shells would be accelerated rapidly
to vesc(R0)Γ
1/2
UV ∼ 3600 km/s. These various limits of the mo-
mentum equation are useful in considering the dynamics of rapidly
expanding clouds discussed in Section 2.4.
Turning back to the solid lines in Figure 1, one might have
also expected that the shell with the highest mass and highest ini-
tial optical depth to have the highest asymptotic velocity, but be-
cause these results are shown for fixed luminosity, and because
ΓSS ∝ M
−1
sh , one has that v∞ ∝ M
−1/4
sh (eq. 19). Thus, low mass
shells are driven to higher asymptotic velocity than higher mass
shells at fixed L; for Msh = 0.01M⊙ (not shown), v∞ ≃ 970 km
s−1. More discussion of these types of eruptions are included in
Section 3.6. Since such outbursts have high initial IR optical depths,
their dynamics may be important in assessing multi-dimensional
instabilities that may limit the momentum coupling between the
radiation field and the shell as it is accelerated (see 3.7).2
Finally, note that the characteristic acceleration timescale
tacc ∼ v∞/(dv/dt) is long on the scale of observations of a single
massive star outburst:
tacc ∼
(
2c
L
)1/2 (κUV
4pi
)1/4
M
3/4
sh
∼ 1100 yr L
−1/2
7 M
3/4
sh, 0κ
1/4
UV, 3
∼ 6.4 × 106 yr L
−1/2
13 M
3/4
sh, 9κ
1/4
UV, 3. (21)
The scaling for the massive star outburst agrees with the calcula-
2 Note that throughout this work we assume that Lt/(Mshv2/2) ≫ 1.
For high enough IR optical depths it is possible for the radiation field to
do sufficient work on the matter to enter the “photon tiring” regime dis-
cussed by Owocki & Gayley (1997) and Owocki et al. (2004) in the context
of line-driven winds. Examining Lt/(Mshv2/2) as a function of radius for
the models in Figure 1, we find that it is always larger than unity, although
it becomes as low as ∼ 2 on scales smaller than the τIR = 1 point (red
circle) for the model with Msh = 10M⊙. An estimate of the critical shell
mass such that Lt/(Mshv2/2) = 1 and photon tiring becomes important
is Msh, tiring = L3/4c3/2π1/4/(23/2σ
5/4
SB
T 5
sub
κ
3/2
IR
), obtained by tak-
ing τIR(Rsub) = 2c/v∞ in the limit that ΓIR ≫ 1 at Rsub. For the
parameters of Figure 1 this is Msh, tiring ≃ 8M⊙ L
3/4
7 T
−5
1500κ
−3/2
IR, 0.7.
Note the strong dependencies.
tions shown in Figure 1 and implies that high-velocity shells driven
by this physics will be associated with many old outbursts.
2.2 Extended Mass Distributions with Fixed Shell Mass
In the context of outflows driven from galaxies, it is important to
consider the extended stellar and dark matter potentials. For illus-
tration we assume that the total mass distribution is an isothermal
sphere: M(r) = 2σ2r/G, where σ is the velocity dispersion. As-
suming momentarily that the mass of the shell is constant, we then
have that
Msh v
dv
dr
= −
2σ2
r
+
(
1 + τIR − e
−τUV
) L
c
. (22)
and
LEdd =
2σ2Mshc
R0
(
1 + τIR − e
−τUV
)−1
. (23)
We again define
Γtot = L/LEdd, (24)
and the three characteristic Eddington ratios
ΓIR,UV = L/(8piσ
2R0c/κIR,UV) (25)
and
ΓSS = L/(2σ
2Mshc/R0). (26)
Again taking e−τUV ∼ 0 in the regime R0 6 r 6 RUV, we find
that
v2UV = v
2
0 + 4σ
2
[(
ΓSS
RUV
R0
+ ΓIR
)(
1−
R0
RUV
)
(27)
− ln
(
RUV
R0
)]
,
and then integrating to an outer radius Rout where the approxima-
tion of an isothermal potential breaks down,
v2out = v
2
0 + 4σ
2
[
2ΓSS
RUV
R0
(
1−
R0
RUV
−
RUV
2Rout
)
+ΓIR
(
1−
R0
RUV
)
− ln
(
Rout
R0
)]
. (28)
The same factor that appears in the point-mass limit —
(2ΓSSRUV/R0)
1/2
— which can boost the asymptotic velocity
far above vesc(R0) (eq. 19) also appears in the limit of an ex-
tended mass distribution. Assuming that Γtot > 1, R0 ≪ RUV,
RUV ≪ Rout, and that ΓIR ≪ 2ΓSSRUV/R0, one finds that
vout ≃ 2σΓ
1/2
SS [4τUV0 ]
1/4
≃ 18σ Γ
1/2
SS R
−1/2
0, 0.1 kpc κ
1/4
UV,3M
1/4
g, 9 (29)
fully analogous with equation (19) in the point-mass limit. If we
define fsh as the fraction of mass within the launch radius R0 that
goes into the shell,
Msh = fsh
2σ2R0
G
, (30)
we find that
vout ≃ 2Γ
1/2
SS
(
2κUV σ
6 fsh
piR0G
)1/4
≃ 4× 103 km s−1 Γ
1/2
SS κ
1/4
UV, 3f
1/4
sh R
−1/4
0, 0.1 kpc. (31)
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Figure 2. Velocity as a function of radius (left panel) and time (right panel) for dusty shells in an isothermal potential with σ = 200 km s−1, starting from
a launch radius of R0 = 0.2 kpc and Γtot = 2 (eqs. 8 & 9). The two solid lines show the evolution for a freely expanding shell with no external medium
(fg = 0, next = 0 cm−3) and with fsh = 0.1, and 1, where fsh is defined by equation (30), so that Msh ≃ 3.7 × 108 M⊙ and ≃ 3.7 × 109 M⊙ ,
respectively. Given Γtot, the total luminosities are ≃ 8.9× 1012 L⊙ and ≃ 2.6× 1013 L⊙ for fsh = 0.1, and 1, respectively. The short dashed lines show
the evolution of both shells if they interact with a constant density halo that has next = 10−4 cm−3 (see Section 2.3; eq. 35). The dotted and long dashed
lines show the evolution of the fsh = 1 shell if we add an external gas density distribution that follows equation (32) with fg = 0.01 and 0.1, respectively
(see eq. 33). The dust content of the swept up gas in all cases is assumed equivalent to a fraction ξ = 0.1 (see eq. 36) times the Milky Way value, except for the
two gray long-dashed curves, which show the change in the dynamics for the fsh = 1.0, fg = 0.1, and next = 10−4 cm−3 model if the external medium
has zero dust (ξ = 0) or a Milky Way value (ξ = 1). The red, and blue circles denote RIR and RUV (eqs. 5, 6), respectively. See Fig. 4 for the momentum
ratio ζ (Section 3.1) and column density evolution of these models.
Note that these analytic estimates overestimate vout because they
ignore the logarithmic factor in equation (28).
Figure 2 shows the velocity evolution of massive dusty shells
launched in an isothermal potential. We assume this potential ex-
tends to 100 kpc for simplicity, even though this approximation
breaks down for real galaxies on the scale of ∼ 10s of kpc. For
massive shells (e.g., fsh = 1), we include the self-gravity of the
shell itself in the total mass M in our solution to the momentum
equation (6) using M = M(< r) +Msh/2. The two solids lines
show velocity as a function of radius (left panel) and time (right
panel) for fsh = 0.1 and fsh = 1 (see eq. 30), corresponding to
Msh = 3.7× 10
8 and 3.7 × 109 M⊙, respectively, launched from
a galaxy with σ = 200 km s−1, and from a radius R0 = 0.2 kpc.
For each shell, we assume Γtot = 2, so that L ≃ 8.9 × 1012,
2.6 × 1013 L⊙ as might be provided by a central starburst and/or
active galactic nucleus. These two models (solid lines) assume that
the shell expands into vacuum. In Section 2.3 we calculate the dy-
namics of shells expanding into a constant density medium and a
medium with an isothermal sphere density profile (dashed and dot-
ted lines), and with a varying gas-to-dust ratio for the swept up
medium (gray dashed lines). See Section 2.3.
For the parameters of the shells shown by the solid lines in
Figure 2, the naive expectation in many models of galactic winds
would have been that v∞ ≃ 2σ(Γtot − 1)1/2 ≃ 400 km s−1.
However, because of the factor (2ΓSSRUV/R0)1/2 in equation
(28) caused by long-term acceleration of the shell in the single-
scattering limit, the actual velocities are ∼ 4 times this value,
reaching ∼ 1600 km s−1 on ∼ 1 − 10 kpc scales. These high ve-
locities have important implications for observations (see Section
3).
2.3 Evolving Shells
In the general case of a massive shell driven into the circumgalac-
tic medium of highly star-forming galaxies, we expect the shell to
sweep up mass and the assumptions of the previous section break
down. In the limiting case that the shell sweeps up less than its ini-
tial mass by the time it reaches RUV, we expect the dynamics to
be qualitatively similar. However, if the mass of the swept-up ma-
terial approaches the initial mass of the shell on the scale of RUV,
we expect the shell dynamics to be altered. If we assume that the
circumgalactic gas takes the form of a static isothermal sphere with
gas density
ρ =
fg σ
2
2piGr2
, (32)
the critical value for fg such that the swept up gas mass Msh(RUV)
is equal to the initial shell mass Msh(R0) is
fg, crit =
G
σ2
(
piMsh(R0)
κUV
)1/2
≃ 0.01σ−2200 M
1/2
sh, 9 κ
−1/2
UV, 3.
(33)
Thus, for fg ∼> fg, crit, we expect the shell dynamics to be different
from the solid lines shown in Figure 2. In particular, we expect the
shell to decelerate, in accord with momentum conservation.
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An analogous estimate can be made in the stellar case, where
the shell from the eruption sweeps up the matter in a steady pre-
ceding stellar wind of mass loss rate M˙ . In this case, the density
profile is an isothermal sphere with ρ = M˙/(4pir2vw), where vw
is the wind velocity. Setting the total swept up mass M˙(r−R0)/vw
equal to the initial shell mass, one derives a critical mass loss rate
such that the shell sweeps up its own mass on a scale RUV:
M˙crit =
(
4piMshv
2
w
κUV
)1/2
≃ 8× 10−4 M⊙ yr
−1M
1/2
sh, 0 κ
−1/2
UV, 3 vw, 100, (34)
where vw, 100 = vw/100 km s−1.3
If we take the surrounding external medium to have constant
density, we can estimate the critical density such that the swept up
mass is equal to the initial shell mass at RUV. This limit is appli-
cable to massive stars in constant density circumstellar envelopes,
or shells interacting with the surrounding ISM, and to shells driven
from galaxies that sweep up matter from the hot near-constant den-
sity halo (e.g., Maller & Bullock 2004). The critical external den-
sity required to slow the shell on a scale RUV is
next, crit = 4.5× 10
3 cm−3 κ
−3/2
UV,3 M
1/2
sh,0
= 0.1 cm−3 κ
−3/2
UV,3 M
1/2
sh,9. (35)
The normalization for the massive star case in the first line is very
large compared to what would be expected in the average region
of a star-forming galaxy like the Milky Way (e.g., ∼ 1 cm−3), and
even larger than an average volume within most starburst galax-
ies (e.g., Krumholz & Thompson 2007). The normalization for the
galaxy case in the second line is also large compared to the very
large-scale approximately constant density hot component of the
circumgalactic medium, which may have n ∼ 10−3 − 10−4 cm−3
(e.g., Maller & Bullock 2004). One might then expect that in both
cases the constant density medium will not have an important effect
on the shell dynamics. However, because the swept up mass scales
with r3 in the constant density case we expect the shell to slow sig-
nificantly on scales larger than RUV even for next ≪ next, crit, but
that the maximum velocity of the shell at RUV will not be much
smaller than the estimates above as long as next is not greater than
next, crit.
As an example, the dashed line in Figure 1 shows the evolu-
tion of a 1 M⊙ shell driven into a constant density medium with
next = 5 cm
−3
. Of course, the circumstellar medium around a
massive star in outburst is likely to have a complex density struc-
ture with a wind-blown bubble, but equations (34) and (35) show
that the density must be very high to slow the shell on scales much
smaller than RUV.
Similar examples of a shell interacting with a medium, but
in the galactic case, are shown by the dashed and dotted lines in
Figure 2. The short dashed lines show shells with fsh = 0.1 and
fsh = 1.0 models (eq. 30), but including a surrounding constant
density medium of next = 10−4 cm−3 as motivated by the hot
halo models of Maller & Bullock (2004). Both models attain high
velocities because next < next, crit, but then decelerate as they ac-
cumulate more mass, effectively stopping after 108 yr of evolution.
3 For the purposes of this estimate we include vw in the wind mass profile,
but neglect the bulk flow of the wind matter in the momentum equation in
calculating M˙crit.
In a isothermal potential, these shells fall back again, particularly
since the radiation pressure driving is not likely to be strong for
timescales much larger 107 − 108 yr. For the models shown, L is
held constant in time.
The dotted line in Figure 2 shows the evolution of the fsh =
1 model with a constant density external medium, but also with
an isothermal sphere gas reservoir of the form in equation (32).
For fg = 0.01, the maximum velocity of the shell is significantly
decreased, as predicted from equation (33) and for fg = 0.1 the
velocity of the shell only reaches ∼ 300 km s−1.
Note that in integrating the evolution of these shells we have
had to make an assumption about the dust content per unit mass of
the swept up material, adjusting the UV and IR opacities accord-
ingly. We have adopted a simple parameterization by assuming that
the dust-to-gas ratio of the swept up material is a constant, normal-
ized to the Milky Way value:
ξ = fdg, swept/fdg,MW. (36)
We adjust the UV and IR opacities by averaging ξ over the total
mass of the shell, as it sweeps up ambient gas:
〈ξ〉 =
∫
ξ(Msh) dMsh/
∫
dMsh. (37)
All the models in black in Figure 2 that interact with an ambient
medium assume ξ = 0.1, but the results are not qualitatively dif-
ferent if we assume the swept up medium is completely dust-less,
ξ = 0. As an example, for fsh = 1, fg = 0.1, and next = 10−4
cm−3(long dashed lines) we show models for ξ = 0 and ξ = 1 in
gray. The other models shown are not as strongly effected by this
change in ξ.
In addition to the calculations presented in Figure 2, we have
done a number of tests with a more realistic NFW dark matter
potential. Because the density profile is steeper on large scales,
the shells launched in the NFW potential generally attain higher
asymptotic velocity than those launched in a singular isothermal
sphere, all else being equal. However, it is clear from Figure 2 that
the dynamics of shells is dominated by the large-scale gas distribu-
tion, and not the large scale potential. The maximum velocity of a
shell, its velocity profile, and its long-term evolution depend sensi-
tively on both the radial dependence of the ambient density profile
and its normalization. For this reason, we have opted to focus on
the simpler isothermal case, for which some analytic estimates are
easily made.
2.4 Clouds
In the results presented above and below, we focus on the limit
of a geometrically thin shell that subtends 4pi for simplicity. For
clouds that cover only a small fraction of the solid angle from the
source, the dynamics change quantitatively and qualitatively be-
cause a new timescale enters the problem: the cloud expansion time
texp = (d lnRc/dt)
−1
, where Rc is the cloud radius. In the shell
limit, the timescale for the shell to change its optical depth τ is di-
rectly coupled to the dynamical timescale because τ ∝ r−2, and
this determines RUV, which in turn determines the asymptotic ve-
locity. For a cloud, τ ∝ R−2c and the radius at which it becomes
optically-thin to the UV is instead governed by the cloud’s inter-
nal sound speed cs and the amount by which the cloud is over-
or under-pressured with respect to the background medium. Cloud
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Figure 3. Velocity as a function of radius (left panel) and time (right panel) for dusty clouds with column densities N0 = 1021 (red lines), 1022 (black
lines), and 1023 cm−2 (blue lines), expanding into vacuum with internal sound speed cs = 0.1, 1, 10, and 30 km s−1 (lowest to highest for each N0) in an
isothermal potential with σ = 200 km s−1. All clouds start from a launch radius of R0 = 0.2 kpc, have initial cloud radius of 10 pc, outward velocity of
50 km/s, and Γtot = 5 (eqs. 38 & 40). At fixed Γtot , the total luminosities are different for each initial cloud column density. They are L ≃ 2.2 × 1013 ,
3.8× 1012 , and 5.0× 1011 L⊙ for N0 = 1023 , 1022, and 1021 cm−2, respectively. The blue circles denote the radius RUV where the UV optical depth of
the cloud drops to unity.
acceleration by radiation pressure on dust has been discussed in
models of galactic winds by Murray et al. (2005, 2011).
The set of equations governing the dynamics of a radiation
pressure accelerated cloud expanding into vacuum (no background
medium) is
d
dt
(Mc vc) = −
GMMc
r2
+
(
1 +min[1, τIR]− e
−τUV
) L
c
(
Ac
4pir2
)
(38)
and
dRc
dt
= cs, (39)
where we assume a geometrically thin “pancake” geometry for
the cloud, Mc is the cloud mass, Ac = piR2c , τUV, IR =
McκUV, IR/Ac, and we limit the τIR force terms such that even
if τIR ≫ 1 the cloud does not feel an enhanced force. In reality,
this term will depend on the distribution of clouds in the system
since the optical depth for the cloud ensemble may be much larger
or smaller than unity, and may be much different than the individual
cloud optical depth.
Setting the momentum equation equal to zero, we derive the
generalized Eddington limit for clouds:
LEdd =
4piGMc
(1 +min[1, τIR]− e−τUV ) (Ac/Mc)
. (40)
Note that the denominator varies from ≃ 2Ac/Mc (the single-
scattering limit) as the cloud column density goes to infinity, to
κUV (LEdd = 4piGMc/κUV) as the cloud column goes to zero.
The former limit is different than the shell geometry because of the
τIR term. In the shell case, the Eddington luminosity approaches a
constant (LEdd = 4piGMc/κIR), whereas in the cloud case LEdd
continues to increase with increasing cloud column since we im-
pose the condition that τIR cannot be larger than unity.
There are additional important similarities and differences be-
tween the dynamics of shells and clouds we wish to highlight. As
in the case of shells, we see that if L
∼
> LEdd and if the cloud starts
optically-thick to the incoming radiation and expands as a function
of radius (e.g., Rc ∼ tcs), because the cloud column decreases as a
function of time, the cloud becomes increasingly super-Eddington
as r increases, like a sail continuously unfurling in the wind. This
has two consequences. First, because a small perturbation in the
radial direction causes the cloud to expand and the Eddington lu-
minosity to drop, clouds are dynamically unstable to expulsion in
the single-scattering limit, as discussed for shells in Section 2.1.
Second, the asymptotic velocity can be very large, as in the case of
shells treated throughout this work. The simplest way to see this is
to note that if Rc ∝ r, then the ratio Ac/r2 = constant on the right
hand side of equation (38) and the solution for the cloud dynam-
ics reduces to the shell case worked out in Section 2.1. However,
in general Rc is not a power-law in r and this prevents a simple
analytic treatment.
In the opposite limit where the cloud does not expand or sim-
ply has a very long expansion timescale relative to the dynamical
timescale r/v, then Ac/Mc, τUV, and τIR are effectively constant,
and the solid angle subtended by the cloud decreases as r−2 as the
cloud is driven outward. The asymptotic velocity of the cloud in the
point-mass limit is then simply v∞ = vesc(R0) (Γ− 1)1/2, where
Γ is the initial value of L/LEdd (in eq. 40).
These limits are illustrated in Figure 3. We show velocity as
a function of radius and time for radiation pressure accelerated
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clouds with Γtot = L/LEdd = 5 (eq. 40), with initial column
densities of N0 = 1021 (red), 1022 (black), and 1023 cm−2 (blue),
expanding into vacuum with a range of internal sound speeds from
cs = 0.1 − 30 km/s (lowest to highest) in an isothermal poten-
tial. All clouds start with the same radius of 10 pc. As expected,
for small cs, all clouds have approximately the same velocity pro-
file, regardless of their initial column density, and their maximum
velocity is ∼ 2σ(L/LEdd − 1)1/2 (with a modification for the
extended gravitational potential). However, for higher cloud ex-
pansion speeds, the velocity evolution changes significantly, with
much higher velocities attained, and depends on the initial column
density of the cloud.
The fastest expanding, lowest column density cloud (highest
red line) reaches only ∼ 800 km s−1 because the cloud rapidly be-
comes optically-thin to the UV radiation, because it does not have
a large value of L/LEdd at RUV, and because it does not undergo
a long-lived phase in the single-scattering limit. In contrast, the
most rapidly expanding higher column clouds reach much higher
velocities (highest blue and black lines). The radius (or time) at
which these clouds become optically-thin to the UV is indicated
by the blue circled dots, as in earlier Figures, and shows both that
the extended single-scattering phase is important and the value of
L/LEdd at RUV.
All else being equal, clouds that start with cloud radius smaller
than the 10 pc value used in Figure 3 reach higher velocities be-
cause the cloud expansion timescale is shorter. For the N0 =
1022 cm−2 clouds, for example, if the cloud starts with a radius
of 1 pc and cs = 10 km s−1, the cloud reaches an outward velocity
∼ 2500 km s−1 instead of the ∼ 1300 km s−1 shown in Figure 3.
In this regime of rapid expansion the cloud becomes optically-thin
to the UV radiation on small scales and the effective Eddington
ratio at RUV is large, leading to a higher value of the asymptotic
velocity. In this example, for a cloud that is optically-thin to the
UV near R0, the effective Eddington ratio would be ∼ 80 instead
of 5. The rapid expansion thus allows for high acceleration in the
super-Eddington flux from the source.
Note that we have assumed that there is no surrounding
medium and that the clouds are not destroyed by the Kelvin-
Helmholz instability or evaporation (see, e.g., Cooper et al. 2009).
We have further assumed a single constant internal sound speed
and that the UV light from the central source is unobscured. In
fact, we expect clouds with a range of column densities to be
driven out of the system with a spread of asymptotic velocities (see
Thompson & Krumholz 2014) and for the ensemble of clouds to
partially obscure the central source, thereby limiting the accelera-
tion. In addition, there is ample evidence for a hot gas component in
galactic winds that the cold clouds will sweep up and interact with,
potentially leading to their destruction and a different radial evo-
lution than indicated by equation (39) (Strickland & Stevens 2000;
Strickland & Heckman 2009; Zhang et al. 2014, 2015). These ef-
fects require further study.
3 DISCUSSION
Below, we provide brief discussions of the total momentum in ra-
diation pressure driven flows, the applicability of our results to ob-
servations of fast outflows observed in emission and absorption in
local and high-redshift galaxies and AGN, prescriptions for out-
flows in large-scale cosmological simulations, and the implications
of our results for star cluster disruption and massive star eruptions.
We focus on shells throughout instead of clouds since the dynam-
ics of the latter require a more complete understanding of how the
dynamics change when an ensemble of clouds of different column
densities, radii, and velocities obscure the central source. This im-
portant problem will be the focus of a future investigation.
3.1 The Asymptotic Momentum of Shells
A key diagnostic of observed outflows in galaxies and AGN is the
momentum ratio
ζ =
M˙v
(L/c)
=
Mshv
(L/c)(r/v)
, (41)
where the first equality is applicable to a continuous wind with
mass loss rate M˙ , and the second equality is applicable to a shell.
These two definitions are equivalent since, typically, one measures
the column density in blue-shifted absorption features (such as the
resonance lines of Fe, Mg, and Na) to infer
M˙ = 4pirNmpv or Msh = 4pir
2Nmp, (42)
where N is the column density of gas, so that
ζ =
4pirNmpv
(L/c)
(43)
in either case. In general, one must assume a relative abundance
of the tracer (e.g., Na or Mg) with respect to total gas, which usu-
ally involves an uncertain ionization correction (e.g., Murray et al.
2007).
A primary observational difference between a continuous
wind and a shell would of course be in the absorption line pro-
file, which for a perfect geometrically-thin single shell would be
a delta-function in velocity along the line of sight toward a point
source of radiation. However, for a shell in proximity to a finite-
sized source (a star or galaxy), the observed absorption line would
be broadened geometrically by the projection of the moving shell
onto the source.
The momentum ratio ζ is important because for ζ ≫ 1, either
(1) the shell or wind had very high effective τIR (e.g., Murray et al.
2010), or (2) the shell was initially energy-driven, as in the early
evolution of a supernova remnant. Since the radial scale of the ab-
sorbing material is in general not known, absorption line studies de-
termine ζ with significant uncertainties. Emission-line studies with
molecular emission, [CII], or in the optical/UV (e.g., Hα, [NII])
provide a complementary view of winds, and in some cases find
evidence for ζ > 1 (e.g., Cicone et al. 2014; Genzel et al. 2011;
Section 3.2).
The momentum ratio in the case of a single shell of fixed mass,
observed at a radius r
∼
> RUV, can be approximated by
ζ =
Mshv
2
UV
rL/c
≃ 2f(τ0)
(
ΓSS
Γtot
)(
RUV
r
)
, (44)
where f(τ0) = (1 + τIR − e−τUV) evaluated at the launch radius
R0. For τUV > 1, but τIR < 1, ΓSS ≃ Γtot and f(τ0) ∼ 1,
implying that ζ should always be of order unity or smaller, since
for r > RUV, ζ rapidly decreases. This behavior can be seen in
both the fsh = 0.1 and the fsh = 1 models shown by the solid
lines in Figure 4 (left), which shows ζ(r). All models have ζ ∼ 0.1
on 10 − 100 kpc scales. Note that even though the shells accel-
erate beyond RUV, the measured momentum decreases, because
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in this regime v2(r)/r decreases. Models that sweep up mass de-
celerate, and ζ(r) decreases more rapidly. In the single-scattering
limit of τUV > 1, but τIR < 1 at R0, one would simply estimate
v2UV ∼ RUVL/Mshc by dimensional analysis of the momentum
equation, and then substituting into equation (44), one again finds
that ζ(RUV) ≃ 1.
Since the two key observables for characterizing shell-like
outflows are velocity and column density, and since these enter the
calculation of ζ directly, in the right panel of Figure 4 we show
Msh/4pir
2mp versus v for the same models as in the left panel, and
in both panels of Figure 2. Note that, as expected, the momentum
ratio reaches ∼ 1 for the shells dominated by the single-scattering
term and then decreases on larger scales, where the shell spends the
most time. If radiation pressure driven shells are a good model for
fast outflows, ζ < 1 should be observed in some systems. More
discussion is provided in Section 3.2.
If the effective IR optical depth of the shell is much larger than
unity at the launch point (see Section 3.7 below for caveats), then
f(τ0) ∼ τIR(R0), Γtot ∼ ΓIR and ζ(r) can be significantly in-
creased. For the fsh = 1 example in Figures 2 and 4, τIR(R0) ≃ 8
and ζ(r) peaks at ≃ 2 on the scale of a few times R0. For higher
τIR(R0) one finds higher values of ζ on the scale of RIR. In par-
ticular, when τIR(R0)≫ 1 and ΓIR ≫ 1, one finds that at RIR
ζ(RIR) =
Mshv
2
IR
RIRL/c
≃ 2
RIR
R0
≃ 5.8 κ
1/2
IR, 0.7 M
1/2
sh, 9R
−1
0, 0.1kpc. (45)
Note that while ζ(RIR) is not proportional to τIR(R0), the maxi-
mum value of ζ (see Fig. 4), which occurs on scales smaller than
RIR, is proportional to τIR(R0) (for fixed ΓIR ≫ 1). The red solid
lines in Figure 4 show ζ(r) and N(v) for a model with fsh = 5 so
that τIR(R0) ≃ 40. The peak in ζ(r) occurs at a few times R0 and
is about 4 times lower than τIR(R0). See Section 3.7 for a discus-
sion of some of the uncertainties associated with high-τIR solutions
in the context of radiation pressure driven shells.
3.2 Fast Outflows from Rapidly Star-Forming Galaxies,
Starbursts, & Post-Starbursts
Fast Outflows in Emission: Cicone et al. (2014) have recently
presented data on a collection of AGN and star-formation domi-
nated systems with outflows seen in molecular emission. We show
ζ as a function of Lbol and a histogram of ζ for their sample in
the panels of Figure 5. Red, blue, and green denote AGN frac-
tions of LAGN/Lbol > 0.5, 0.2 6 LAGN/Lbol 6 0.5, and
LAGN/Lbol < 0.2, respectively, for the systems with outflows de-
tected at high significance.4
If interpreted as shells accelerated by radiation pressure on
dust we find that the systems with ζ
∼
< 2− 3 are readily explained,
given their bolometric luminosities. For example, Mrk 273 and 231,
have LAGN/Lbol ≃ 0.08 and ≃ 0.3, Lbol ≃ 1.7 × 1012 and
4 × 1012 L⊙, and total outflow mass of ∼ 108.2 and ∼ 108.4 M⊙,
respectively, on scales of ≃ 0.6 kpc, with average velocities of
4 By assuming a uniform medium, Cicone et al. (2014) overestimate ζ by
a factor of 3, which we have corrected in Figure 5. We also adopt the lowest
values of the total inferred outflowing gas mass in their tables. In some cases
ζ could be larger by a factor of ∼ 3.
≃ 600 − 700 km s−1. These parameters are all in the range ex-
pected for relatively low-mass shells accelerated by radiation pres-
sure, with dynamics similar to the fsh = 0.1 model shown in Fig-
ures 2 and 4.
Systems with high values of ζ in the Cicone et al. (2014) com-
pilation likely require large initial values of τIR(R0) (see red line in
Figure 4; Sections 3.1 and 3.7). Another possibility is that a fairly
rapid decrease in the AGN or starburst luminosity could imply large
ζ even though the dynamics is consistent with radiation pressure ac-
celeration in the single-scattering limit. Future explorations could
employ the shell models described here and/or continuous wind
models to constrain R0 and the source of driving with the data on
ζ. A careful comparison with the observed dynamics could be used
to quantitatively test the radiation pressure driven shell picture dis-
cussed here.
Fast Outflows in Absorption: Tremonti et al. (2007) and
Diamond-Stanic et al. (2012) report the discovery of fast
∼
>
1000 km s−1 outflows in starburst and post-starburst galaxies.
In particular, Diamond-Stanic et al. (2012) show that the system
J0905+5759 has strongly blue-shifted Mg II absorption with a
shell-like velocity profile centered at −2470 km s−1 (ranging from
≃ −3000 to −2200 km s−1), covering the entire galaxy. The ef-
fective radius of the galaxy is ≃ 100 pc, with stellar mass of
1010.7 M⊙, velocity dispersion of ≃ 250 km s−1, and total IR lu-
minosity of 1012.6 L⊙ (Diamond-Stanic, private communication;
see also Sell et al. 2014; Geach et al. 2014).
Repeating the calculation shown in the left panel of Figure 2,
but for σ = 250 km s−1, R0 = 100 pc, and Γtot = 2.5 (Lbol ≃
1.1 × 1013 L⊙) we find vUV ≃ 1900 km s−1 and v∞ ≃ 2500 km
s−1 for fsh = 0.05 (Msh ≃ 1.5×108 M⊙). If interpreted as a shell
accelerated by the continuum radiation pressure on dust grains, the
shell would have a radial scale of
∼
> 1.6 kpc, which is consistent
with the observed blue continuum.
We note that although the velocity and shell mass calculated
are roughly consistent with the observational constraints, the re-
quired bolometric luminosity of the system is somewhat high com-
pared to the observations. However, there are many factors that
complicate straightforward modeling of this system. In particular,
a realistic model for the luminosity of the system as a function of
time and the large-scale gravitational potential change the veloc-
ity profile quantitatively. More importantly, though, as highlighted
in Figure 2, the surrounding medium swept up by the shell can
qualitatively effect its dynamics. In this context, it is again worth
noting that the Eddington ratio for dusty shells is linearly depen-
dent on the gas-to-dust-ratio: larger dust content per gram of gas
lowers the critical luminosity for shell expulsion. Finally, the ab-
sorption line profile for this system has significant width in veloc-
ity (Diamond-Stanic et al. 2012), which may indicate that the cloud
picture discussed in Section 2.4 is more applicable than the case of
a simple shell. Future work should model the system with an en-
semble of absorbing clouds accelerated to a range of velocities (see
Fig. 3) to see if the observations can be reproduced.
The Local Starburst M82: M82 has an extensively studied
outflow, with evidence for ∼ 200 − 600 km s−1 line-emitting gas
and dust on kpc scales, a molecular outflow on small scales, and hot
nuclear X-ray emission (e.g., Shopbell & Bland-Hawthorn 1998;
Walter et al. 2002; Strickland & Heckman 2009).
Using the dust-scattered UV emission from the central star-
burst (Hoopes et al. 2005), Coker et al. (2013) calculated the Ed-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. (Left): Momentum ratio ζ (eq. 41) as a function of radius for the shells shown in Figure 2, but with an additional high-ζ model for illustration with
fsh = 5 (red line), which has τIR(R0) ≃ 40. (Right): Total hydrogen column density of shells as a function of velocity. Models and linestyles are the same
as in the left panel and Figure 2.
Figure 5. (Left): Observed momentum ratio from a sample of AGN and starburst galaxies as a function of bolometric luminosity (Cicone et al. 2014). Red,
blue, and green points show systems where the central AGN luminosity LAGN/Lbol > 0.5, 0.2 6 LAGN/Lbol 6 0.5, and LAGN/Lbol < 0.2,
respectively. (Right): Histogram of momentum ratios from the same sample. A CO-to-H2 conversion factor of 0.8 has been used for calculating Msh.
dington ratio for dusty gas on 0.5 − 5 kpc scales. Using the large-
scale rotation curve from Greco et al. (2012), Coker et al. (2013)
found that although significantly more UV escapes the starburst
along the minor axis than along our line of sight, the Eddington
ratio is still much less than unity on large scales. These results im-
ply that a shell-like radiation pressure-driven outflow cannot ac-
count for the dusty gas currently seen on kpc scales. Moreover,
this result highlights the fact that the additional large-scale accel-
eration that produces the high velocities discussed here may not
be generic, but may only occur in special circumstances or geome-
tries. One mitigating factor is that Fo¨rster Schreiber et al. (2003)
find that the bolometric luminosity of the M82 starburst was a factor
of ∼ 4 larger 6 Myr ago, indicating that the system may have po-
tentially approached the single-scattering Eddington limit on scales
c© 0000 RAS, MNRAS 000, 000–000
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within the starburst5, and would have certainly exceeded ΓUV = 1
(eq. 12).
3.3 Broad Absorption Line Quasars & Ultra-Fast Outflows
Some BAL quasars have detached potentially shell-like absorption
profiles with blueshifted velocities of ≃ 4000 − 5000 km s−1.
Some have velocities over 20, 000 km s−1 (e.g., Pounds et al. 2003;
Tombesi et al. 2010; Gupta et al. 2013).
Taking LAGN = 1047 ergs s−1 and R0 = Rsub ≃ 2 pc and
Msh = 10
5
, 106, and 107 M⊙, we find v∞ ≃ 2.8×104 , 1.7×104
and 1.1×104 km s−1, respectively, for Milky Way gas-to-dust ratio.
Such high velocity outflows might emerge along the line of sight to
Type-I quasars in a very short timescale≪ 106 yr (see eq. 21) and
become optically-thin to the UV emission from the quasar on scales
< 0.1 − 1 kpc (see eq. 6). These types of dusty shells are related
to the suggestion by Scoville & Norman (1995) that dusty material
near quasars could be accelerated to∼ 0.1 c.
3.4 Previous Work & Prescriptions for Cosmological
Simulations
Murray et al. (2005) discussed galactic winds driven by the com-
bined momentum input of radiation pressure on dust and super-
novae and wrote down the momentum equation for a shell in an
isothermal potential, as in equation (22). The primary difference
between their results and our work here is in the assumed distribu-
tion of mass swept up by the outflowing shell. In particular, they as-
sumed an isothermal mass distribution for the gas so that Msh ∝ r
(as in eq. 32). In this case, in the single-scattering limit,
v
dv
dr
= −
σ2
r
+
L
c
G
2σ2fgr
(46)
where fg = Msh/M is a constant at each radius. Note that for
constant fg , both the gravitational acceleration and the radiation
pressure acceleration have the same radial dependence. This is why
the fairly large enhancement in the asymptotic velocity of a shell
launched by radiation pressure we emphasize here was not noted in
that work. The long dashed line in the panels of Figure 2 assumes
an isothermal sphere for the surrounding gas distribution and shows
a shell model that closely tracks the expectation from equation (46)
and Murray et al. (2005).
Several studies of the enrichment of the intergalactic medium
have used the so-called ”momentum scalings” (radiation pressure
or supernovae) based on the work of Murray et al. (2005) (e.g.,
Oppenheimer & Dave´ 2006, 2008). Typically, these are that
v∞ ≃ few × σ (47)
and that6
M˙/SFR ∝ σ−1 (48)
These same scalings and variants have also been tested in models
of the mass-metallicity relation by Peeples & Shankar (2011).
5 ΓSS ∼ 1 for M(r < 300 pc) = 109 M⊙, Msh = 108 M⊙, R =
300 pc and L = 2× 1011 L⊙ (see eq. 11).
6 This follows from equating L/c ≃ ǫ SFR c ∼ M˙v∞ for a star-forming
galaxy in the single-scattering limit (Murray et al. 2005).
Our work suggests prescriptions that would more accurately
capture the physics of radiation pressure driven shells, as opposed
to continuous winds. The simplest is that the “few” in equation (47)
could in some cases be as large as∼ 10, depending on the geometry
of the outflow and the surrounding medium, a potentially important
factor that should be taken into account and explored in more detail.
Second, the Eddington luminosity for a shell is given simply by
equation (23), which can be thought of as three different Eddington
luminosities in three different regimes. If the shell is (1) optically-
thick to the IR, (2) optically-thin to the IR, but optically-thick to
the UV, or (3) optically-thin to the UV, the Eddington luminosity
is given by equations (10), (11), and (12), respectively, depending
on the surface density of the shell. If L > LEdd in the appropriate
limit, then the ISM is ejected. Note that in general LEdd is dust-to-
gas ratio dependent and thus metallicity dependent.
The dynamics of the shell and its interaction with the sur-
rounding circumgalactic medium could be calculated from equa-
tion (6), either via a subgrid model in large-scale cosmological sim-
ulations, or explicitly in high-resolution simulations of individual
galaxies. Such a prescription for large-scale simulations would dif-
fer qualitatively from what is currently done in that a large fraction
of the ISM would be ejected in single events, fallback would be
determined predominantly by the circumgalactic medium density
profile, and the velocity of the material could approach ∼ 10 × σ
along lines of sight with little gas (see eq. 28). In this picture, the
ratio M˙/SFR should instead be thought of as the ratio of the to-
tal mass ejected to the total mass formed between each star for-
mation and ejection event, where the timescale between ejections
would be determined by the gas accretion rate from the IGM and
from re-accreted (formerly ejected) gas. Ejection episodes and fall-
back might precipitate radiative cooling of the hot circumgalac-
tic medium, as in the work of Fraternali & Binney 2008 (see also
Marasco et al. 2012; Fraternali et al. 2013).
3.5 Star Cluster Disruption
The estimates made here can also effect giant molecular cloud
(GMC) disruption. Murray et al. (2010) discussed the accelera-
tion of GMC gas by radiation pressure and other forces (see
also Krumholz & Matzner 2009), and Murray et al. (2011) pro-
vide a general description of launching these shells and clouds
from star clusters to velocities high enough to escape the host
galaxy and generate supershells. In these works, analytic esti-
mates for the critical star cluster stellar mass required to gen-
erate extra-planar gas was estimated, based on the assumption
that v∞ for such a shell would be of order a few times the
cluster escape velocity. If the self-gravity of the shell domi-
nates the total gravitational force, and if the central star cluster
reaches the single-scattering Eddington limit (ΓSS ≃ 1), then we
have shown here that v∞ ≃ (2GMsh/R0)1/2(RUV/R0)1/2 ≃
200 km/sM
3/4
sh, 6κ
1/4
UV, 3(5 pc/R0)
−1
, implying that large-scale
super-shells from GMC disruption could be driven high above the
plane of a large galaxy by massive star clusters with total stellar
mass significantly less than 106 M⊙. Faster asymptotic velocities
are more easily obtained in a shell-like geometry.
Because shell formation during GMC disruption by radiation
pressure may be generic (Yeh & Matzner 2012), our results are im-
portant for diagnosing the dynamics of observed systems like 30
Doradus (Lopez et al. 2011; Pellegrini et al. 2011).
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3.6 Massive Star Eruptions
Figure 1 shows that shells from massive star outbursts can be ac-
ccelerated to velocities much larger than the escape velocity at
the dust formation radius. Here, we briefly discuss applications to
the outbursts of Luminous Blue Variables and the shells observed
around the yellow hypergiants VY CMa and IRC 10420.
Eta Carinae’s homunculus shows a number of different kine-
matic components. The primary mass reservoir is ∼ 10M⊙ with
a velocity of ≃ 500 km s−1 (Smith et al. 2003; Smith 2006).
There is also a faster component at ∼ 1000 − 2000 km s−1
and a much faster, but much less massive component moving at
∼ 3000 − 6000 km s−1 (Smith 2008). All are associated with
the Great Eruption approximately 170 years ago in which Eta Car
reached an estimated bolometric luminosity of ∼ 2 × 107 L⊙
(Davidson & Humphreys 1997).
In this context it is worth asking if radiation pressure on
dust grains could have dominated the acceleration of any of the
kinematic components. Examining Figure 1 and equations (19)
and (21), this possibility appears unlikely for the more massive
component because (1) the asymptotic velocity would only be
∼ 250 − 350 km s−1 (allowing for some uncertainty in L) and
(2) the timescale to reach this velocity is too long, ∼ 103 yr. For
the less massive high velocity components radiation pressure on
dust might have had more of a role, depending on their mass. Al-
though not shown in Figure 1, calculations with L = 107 L⊙ and
Msh = 10
−2
, 10−3 M⊙, and 10−4 M⊙ reach v∞ ≃ 970, ≃ 1650,
and ≃ 2650 km s−1 on decade-to-year timescales (eq. 21).7
Clearly only small amounts of mass can be accelerated to
the requisite velocities on short timescales. That these components
might be dynamically accelerated by radiation pressure on dust is
connected to treatments of line-driven photon-tired outflows in this
context by Owocki et al. (2004). It is worth noting that the maxi-
mum possible velocity for a dusty shell accelerated from the dust
formation/destruction radius is
v∞ ≃
(
4Lκ2UVσSBT
4
sub
pic2
)1/4
∼ 3500 km s−1 L
1/4
7 κ
1/2
UV,3T1500 (49)
for a shell that starts optically-thin to the incident UV radiation
from the star and a nominal Milky Way gas-to-dust ratio (compare
with eq. 19). Allowing for a factor of 2 higher luminosity and dust-
to-gas ratio boosts v∞ to ∼ 4200 km s−1.
The much lower velocity dusty outflows of the yellow hyper-
giants VY CMa and IRC 10420 are also of interest. The latter has
L ≃ 5 × 105 L⊙ and a mass of ∼ 10 − 20M⊙, with dusty shells
observed at velocity∼ 40 km s−1 on∼ 103 AU scales, with equiv-
alent mass loss rates of∼ 10−4−10−3 M⊙ yr−1 (Oudmaijer et al.
1996; Humphreys et al. 1997, 2002; Dinh-V.-Trung et al. 2009).
The observed velocity is large compared to the escape velocity at
the dust formation radius, ∼ 20 km s−1 and the typical velocities
of dusty AGB star winds. The observed parameters for VY CMa
7 The photospheric temperature of Eta Carinae and the yellow hypergiants
discussed here is lower than needed for significant UV emission. For this
reason, κUV used throughout this work should be replaced by the flux-mean
dust opacity for a∼ 5000− 7000K blackbody: e.g., κ ≃ 100− 300 cm2
g−1. This lowers the expected asymptotic velocity according to the scalings
in equations (19) and (49).
are similar. It has a prominent dusty arc with velocity ∼ 50 km
s−1 on 103 AU scales, but with both slower (∼ 10 km−1) and
faster (∼ 100 − 200 km s−1) material observed smaller and larger
scales, respectively (Monnier et al. 1999; Humphreys et al. 2005;
Muller et al. 2007).
In accord with equations (19) and (21), low-mass shells with
Msh = 0.1M⊙ from a star with L = 5 × 105 L⊙, and M =
15M⊙ can be accelerated to ∼ 50 − 75 km s−1 on scales of
∼ 10 − 100AU, but reach an asymptotic velocity of ∼ 150 km
s−1 at ∼ 104 AU. Higher mass shells of ∼ 1 − 3M⊙ reach only
v∞ ≃ 100 km s−1.8 Here, as throughout this paper, we assume that
the shell subtends 4pi and that it sees the central source through-
out its acceleration to v∞. Both assumptions should be called into
question for these mass ejection episodes since the dusty nebulae
are observed to be asymmetric and since multiple shells exist for
both stars. Even so, the large-scale acceleration that is the focus of
this paper might be required to explain the ∼ 100 − 200 km s−1
material seen around VY CMa by Humphreys et al. (2005) (their
Fig. 13).
3.7 Uncertainties & Assumptions
Geometry & Emergent Radiation Field: We assume a simple ge-
ometry throughout most of this paper: a point source with a sur-
rounding spherical shell, or a cloud that subtends much less than 4pi
and expands at its internal sound speed. In most contexts, a shell is
unlikely to subtend 4pi and may break up into discrete clouds and
the clouds may be subject to destruction by hydrodynamical pro-
cesses if there is a background medium. Perhaps more importantly,
in the case of galactic-scale winds, the set of sources is not point-
like, although the galaxy may be represented by a distribution of
actively star-forming and disrupting star clusters.
In addition, we have assumed that the UV continuum es-
capes from the source to large scales and that it is time-steady.
In the galaxy context, the central source may be obscured by
the ISM of the galaxy, or by intervening shells of material, or
many expanding clouds at different velocities and column den-
sities (Thompson & Krumholz 2014).9 Although we have shown
that the acceleration time is short with respect to the characteristic
time for a stellar population to change luminosity (eq. 21), the time
evolution could be important effect for the long-term dynamics in
galactic potentials (> 107 − 108 yr). Similar to the discussion pre-
sented in Zhang & Thompson (2012) it is worth noting that strong
blue-shifted absorption can be observed in post-starburst galaxies
because the timescale for material driven to ∼ 100 kpc is longer
than ≃ 108 yr. It is worth emphasizing that the momentum ratio
ζ (eq. 41) would then be overestimated. The time-dependence of
8 Note that these models have shell masses only marginally below the crit-
ical photon tiring limit discussed in footnote 2. For Msh = 3M⊙ and
L = 5 × 105 L⊙, one finds that Lt/(Mshv2/2) ∼ 4 on 100 AU scales.
A lower L, or a larger dust condensation temperature (Tsub = 1500K)
than assumed here would put these models into the photon tiring limit
(Owocki & Gayley 1997).
9 A related point is that throughout this work we have implicitly ne-
glected the importance of ionizing photons, which carry approximately as
much momentum as the UV continuum in the single-scattering limit. If the
medium between the source and the shell was optically-thin to ionizing pho-
tons, the dynamics of the shells would change since these photons would
couple to the shell until it reached a very low column density.
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a quasar might produce analogous effects; a fast outflow could be
seen on large scales around a (now) less luminous AGN and a cor-
respondingly low value of ζ would be inferred.
Large τIR: Using 2D planar gray flux-limited diffusion (FLD)
with a realistic dust opacity Krumholz & Thompson (2013) showed
that the asymptotic momentum of shells driven with initially very
large τIR is not proportional to τIR. In particular, for an initial mid-
plane optical depth τIR ≃ 100 − 1000 and IR Eddington ratio of
∞ (gravitational acceleration of zero), they find that the asymp-
totic momentum taken up by the ejected material is only ≃ 1− 10
times that expected from the single-scattering limit. This result fol-
lows from the strong density-flux anti-correlation that develops as
a result of channels which open in the 2D flow due in part to the
radiation-driven Rayleigh-Taylor instability.
Recent results from Davis et al. (2014) using a more sophis-
ticated and accurate radiation transport algorithm (the Variable
Eddington Tensor [VET] method; Davis et al. 2012; Jiang et al.
2012) supersede these earlier calculations, and produce different
results than FLD (see Krumholz & Thompson 2012). In particular,
Davis et al. (2014) find a less extreme flux-density anticorrelation
that produces more net momentum coupling between the radiation
and the dusty gas relative to FLD. This leads to a qualitatively
different outcome in some simulations: Krumholz & Thompson
(2012) find steady radiation pressure-driven convection whereas
(Davis et al. 2014) find an unbound outflow for the same initial
conditions.
These results are important and should be more fully stud-
ied. There is yet no systematic study of the momentum coupling
in super-Eddington dusty outflows with a large range of initial IR
optical depths using multi-dimensional VET caclulations.10 Such
a study will be crucial in understanding the viability of radiation
pressure in generating outflows with ζ ≫ 1 in a range of con-
texts. As implied by Figure 1 and the discussion in Section 3.6,
outbursts from massive stars will in general have large initial τIR if
dust forms. In addition, we expect large average IR optical depths
for massive star clusters and ULIRGs, and in the dusty pc-scale
environments around AGN. If radiation pressure is a viable mech-
anism for the dynamics of these outflows then large effective IR
optical depths for momentum coupling may be required by the data
in some systems (e.g., Fig. 5). These results from observational
and numerical works may ultimately point either to other sources
of wind driving, such as energy-driven flows powered by super-
novae (e.g., Chevalier & Clegg 1985; Strickland & Stevens 2000;
Strickland & Heckman 2009; but, see Zhang et al. 2014), or addi-
tional momentum input by supernovae (e.g., Murray et al. 2005;
Thompson et al. 2005; Faucher-Gigue`re et al. 2013), cosmic-rays
(e.g., Jubelgas et al. 2008; Socrates et al. 2008; Hanasz et al. 2013),
magneto-centrifugal acceleration, or other processes.
Grain Physics : We have simplified a number of issues as-
sociated with grain physics. First, we have neglected the tem-
perature dependence of the Rosseland-mean opacity of dust
grains in the optically-thick limit, relevant when τIR > 1
(Pollack et al. 1994; Semenov et al. 2003). In particular, κR(T ) ≃
2.4(T/100K)2 cm2/g for T
∼
< 150K and κR(T ) ∼ const for
150
∼
< T
∼
< 1500K for Milky Way gas-to-dust ratio. Second,
10 The related issue of the acceleration of individual clouds with dust opac-
ity and accurate radiation hydrodyanmics remains to be investigated (see
Proga et al. 2014).
we have assumed that the gas and dust grains are completely dy-
namically coupled. In reality, the momentum coupling between
dust and gas is grain size dependent, and will depend both on
the charge distribution and magnetic field strengths in the medium
being accelerated (Draine & Salpeter 1979b). Third, in the mod-
els presented throughout this paper, we assume that the grains in
the gas are not destroyed by either the hard radiation fields of
a central AGN or starburst, by grain-gas collisions, or sputtering
(see, e.g., Draine & Salpeter 1979a; Draine & Salpeter 1979b; Voit
1991; Draine 1981, 1995). All of these issues deserve further in-
vestigation in the context of dusty radiation pressure accelerated
shells.
4 SUMMARY
We have shown that the typical expectation for radiation pressure
driven flows that v∞ ∼ vesc at the launch radius R0 is not cor-
rect for dusty shells and expanding clouds. In these cases, the
single-scattering phase of acceleration can dominate the dynam-
ics. For the shell case, the asymptotic velocity scales as v∞ ∼
(RUVL/Mshc)
1/2 ∝ κ
1/4
UV(L/Msh)
1/2
. As discussed in Sec-
tion 1 and 2 this result is equivalent to v∞ ∼ vescΓ1/2 evalu-
ated at the point were the shell becomes optically-thin to the UV,
RUV. For clouds, the dynamics is more complicated. For individ-
ual rapidly expanding clouds (see Fig. 3), high velocities can be
readily achieved, either through a long-lived single-scattering phase
of acceleration, or because they become optically-thin to the UV
radiation very rapidly so that they see a highly super-Eddington
flux. The basic result v∞ can be very large has implications for the
dynamics of dusty shells in a number of contexts, including giant
molecular cloud disruption around forming star clusters, outbursts
from massive stars, galactic winds driven by star formation, and fast
dusty outflows driven by AGN. In particular, it appears possible
to accommodate the surprising result from Diamond-Stanic et al.
(2012) that post-starburst galaxies with velocity dispersions of or-
der∼ 200−250 km s−1 can drive shell-like outflows with velocity
of ∼ 2000 km s−1 even though the Eddington ratio at the launch
radius was only Γtot ∼ 1.
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